Objective To estimate the disease burden attributable to unsafe water and poor sanitation and hygiene in China, to identify high-burden groups and to inform improvement measures.
Introduction
China's rapid economic growth has brought about a shift in health priorities as infectious diseases associated with poverty are gradually displaced by chronic illnesses. 1 Yet the traditional causes of illness, including infections resulting from unsafe water and poor sanitation and hygiene, 2,3 still exist and are unevenly distributed across China's diverse cultural and geographic landscape as a result of regional differences in urbanization, economic development and environmental factors. 4, 5 Country-wide measures of important infectious diseases 2,3 conceal important regional and socioeconomic disparities that, although widely recognized in China, 6, 7 have been poorly documented, particularly for diseases resulting from environmental pollution. 3 In light of China's large, diverse population and the government's recent commitment to invest heavily in water infrastructure, 8, 9 estimates of the burden of disease attributable to unsafe water and poor sanitation and hygiene are needed at a resolution capable of capturing regional disparities. Such estimates can inform policies for targeting vulnerable populations through investments in health care and in infrastructural development.
Globally, unsafe water and poor sanitation and hygiene account for approximately 1.9 million annual deaths and 4.2% of the global burden of disease. 10 Where water and sanitation facilities are inadequate, faecal contamination of drinking water and soil permits transmission of diarrhoeal pathogens and, according to prior estimates, diarrhoea accounts for the largest fraction (> 90%) of the global burden of disease attributable to unsafe water and poor sanitation. 11 In addition, unsafe disposal of human waste can promote the transmission of water-and soiltransmitted helminthic infections. Poorly managed surface water resources can facilitate vector breeding and promote the transmission of vector-borne diseases such as malaria and dengue. The burden of diseases attributable to unsafe water and poor sanitation and hygiene is largely borne by the poorer members of society 10, 11 and the resulting health effects, including impaired child growth and reduced work capacity, are substantial and poverty-reinforcing. 12 Over the past two decades, the water and sanitation infrastructure has improved dramatically in China. However, access to safe water and good sanitation varies markedly 13 Access to sanitation facilities and piped water in rural areas has more than tripled since the initiation of a national campaign in the 1980s, 14 yet in 2006 only 55% of 60 000 rural households surveyed across China had access to a centralized public water supply. 15 Furthermore, 44% of rural water supplies did not meet minimum drinking water quality standards, 15 largely on account of contamination from untreated sewage. 16, 17 To inform policy to further improve water and sanitation in China, we estimated the burden of eight diseases attributable to unsafe water and poor sanitation and hygiene and examined the distribution of disease burden by age, province and level of economic development.
Methods
Unsafe water and poor sanitation and hygiene can cause illness through various pathways.
Drinking water can be contaminated with biological or chemical agents, soil, water or fomites can be contaminated with faeces, and, if water resources are poorly managed, they can become vector habitats. We used the comparative risk assessment (CRA) framework 18 to estimate the amount of ill health in China that could be prevented by improving unclean water and sanitation facilities, promoting access to pathogen-free water supplies and reducing vector habitats. Our approach integrated exposure and disease surveillance data with a review of evidence of the impact of interventions to reduce hazardous exposures on population health. For each health outcome, we estimated the attributable fraction or proportion of disease that could be prevented through interventions to improve sanitation and water, based on a review of the literature. To ensure the suitability of our estimates for the local context, we used studies specific to China whenever possible. For example, in China, drinking hot tea may reduce the risk of diarrhoea among people exposed to unimproved drinking water sources, but tea drinking may not be accounted for in studies conducted in other regions.
We considered only interventions that were feasible, ethical and environmentally sound and sustainable, such as providing piped or treated water, installing sanitary toilets and covering or eliminating water containers around the home. No interventions that could harm the ecosystem, such as destroying wetlands to reduce mosquito populations, were considered. To express health impacts across multiple diseases, we used the disability-adjusted life year (DALY), a health metric that accounts for years of life lost from early death or from disease and disability.
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Selection of health outcomes
We limited our analysis to diseases for which (i) data describing disease prevalence or incidence or population exposure at the provincial level were available from Chinese national surveillance systems, and (ii) sufficient evidence linking improvements in water and sanitation to reductions in disease incidence was available. Our estimates do not include the health impacts of contamination of water supplies with industrial chemicals and municipal discharge, agricultural run-off and naturally-occurring metals such as arsenic. These sources of contamination are of great concern in China, yet efforts to estimate the burden of disease attributable to exposure to these contaminants have been hampered by limited data and important knowledge gaps that we discuss further in Box 1A in Appendix A (available at:
http://www.sph.emory.edu/eh/remais/bwho). We identified eight health outcomes that met the required criteria: diarrhoeal disease, dengue, malaria, Japanese encephalitis, schistosomiasis, ascariasis, trichuriasis and hookworm infection.
Diarrhoeal diseases
Poor sanitation and unsafe drinking water can cause diarrhoeal diseases by exposing humans to ingestion of food or water contaminated with faecal material from unclean hands and fomites.
Due to difficulties in directly measuring the incidence of diarrhoeal diseases, particularly on a national scale, we used an exposure-based approach to estimate the diarrhoeal disease burden attributable to unsafe water and poor sanitation and hygiene.
We adapted exposure scenarios previously defined by Pruss et al. to estimate the global burden of diarrhoeal diseases 11 specific to China, based on the country's typical water and sanitation systems and associated pathogen loads in the environment (Table 1) . We estimated the relative risk (RR) of diarrhoeal disease based on a systematic review of the Chinese literature (Table 1A in Appendix A). However, to estimate the RR associated with Scenario II (relative to Scenario I) we used estimates derived from a study conducted in the United States of America because of the small likelihood of observing Scenario I in China. 20 The RR for Scenario IV, 4.5, was estimated from an intervention trial conducted in Henan. 21 This estimate falls between the realistic (RR: 6.9) and conservative (RR: 3.8) global estimates for Scenario IV. 11 In the same study, the incidence of diarrhoea was reduced by 12.6% when partially improved drinking water was provided in areas with improved sanitation (Scenario Va to IV), but in a similar study the reduction in incidence was 75.7%. 23 We selected the more conservative estimate for its consistency with multinational studies. 31, 32 The RR for Scenario Vb, derived from a case-control study, 22 suggests that improved sanitation has a greater effect on diarrhoea incidence than improved drinking water. 31 Seven studies examined the impact of providing access to improved water or sanitation facilities where neither existed before. We selected the median estimate (RR:
11.2) and conducted sensitivity analyses using the minimum (RR: 5.2) and maximum (RR: 16.9)
estimates.
The population in each exposure scenario was estimated from the National Survey on
Rural Water and Sanitation for 2006-2007 and the National health yearbook (2008).
33- 35 We assumed that all urban populations had access to improved sanitation and drinking water (Scenario II). We estimated the incidence of diarrhoea attributable to unsafe water and poor sanitation and hygiene (I WSH ) as the diarrhoea incidence in excess of the incidence expected under Scenario 1 (I baseline ) using the following equation 11 :
where n F is the fraction of the population exposed to Scenario n and RR n is the relative risk of diarrhoea for Scenario n (relative to Scenario I). baseline I was estimated from diarrhoea incidence rates in established market economies where exposure to water and sanitation is assumed to conform to Scenario II, divided by the RR of infection in exposure Scenario II (versus Scenario I). 36 Deaths from diarrhoea attributable to unsafe water and poor sanitation and hygiene were estimated using China-specific case-fatality percentages and diarrhoea incidence and mortality rates derived from the Global Burden of Disease Project. 
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Schistosomiasis and soil-transmitted helminthiases
Vector-borne infections
Proximate human hosts and vectors, and hence vector habitats, are required for the diseases such as malaria and dengue to be transmitted. Both factors can be impacted by water resource management. Stagnant water around the home and development projects involving water, such as large dams, can provide vector breeding grounds and increase the risk of human infection.
The mosquito vectors of malaria, dengue and Japanese encephalitis can breed in standing water near households. Based on previous work, we estimated that 42% of all cases of malaria could be prevented through interventions designed to improve water resource management. 39, 40 Although some authors attribute a greater proportion of the burden of malaria to environmental factors (up to 88%), 41 we did not adopt these estimates because they include interventions that can harm ecosystems, such as the draining of wetlands. Dengue can be prevented almost entirely by covering or eliminating containers holding stagnant water in or around the home. 42 Eliminating vector breeding sites reduces vector density, a predictor of dengue infection risk. 43 In the case of Japanese encephalitis, the proximity of livestock reservoirs to irrigated areas can increase the risk of human infection. 44 Intermittent irrigation of rice paddy habitats and isolation of pig rearing from such areas can reduce the risk of infection. 45 On the basis of previous work, we estimated that 95% of the burden of dengue and of Japanese encephalitis is attributable to unsafe water and sanitation. 
Estimation of disease burden
DALYs 19 and mortality rates were used to quantify the health impact of multiple diseases. While the comparability of DALYs across diseases is sensitive to the choice of disability weights and to disease duration, which poses a particular challenge for conditions of low severity and high prevalence, 46 the integration of multiple disease outcomes into a single measure is appropriate for exposures, such as exposure to unsafe water and poor sanitation and hygiene, that can lead to different health endpoints. Age and sex-specific incidence and mortality rates (for diarrhoea and vector-borne infections) or prevalence rates (for schistosomiasis and soil-transmitted helminthiases) at the provincial level were used to calculate DALYs using established morbidity weights, disease duration, age-weighting and 3% annual discounting for delayed morbidity 
Results
In 2008, 712 million people in China (54% of the population) had access to improved drinking water, 269 million (21%) had access to partially improved drinking water and 327 million (25%) had no improved drinking water source at all. Approximately 773 million people had access to improved sanitation (59%), whereas 535 million people did not. Drinking water and sanitation access varied markedly by province, from a high of 99% coverage in Shanghai to a low of 23%
in Tibet (Fig. 1A and (Table 3A in Appendix A).
Collectively, soil-transmitted helminthiases were the second leading cause of attributable DALYs: an estimated 287 million such infections occurred in China in 2008, and they accounted for 29 800 DALYs. Vector-borne diseases were less common than diarrhoeal diseases and soiltransmitted helminthiases. However, the disease burden attributable to Japanese encephalitis is high because of the high case-fatality rate and the long-term sequelae of the infection.
The distributions of total and disease-specific DALYs attributable to unsafe water and poor sanitation and hygiene showed substantial geographical and socioeconomic disparities (Table 4A and Table 5A , both in Appendix A; Fig. 1 ). DALYs by province ranged from 45 to 519 per 100 000 people (in Shanghai and Tibet, respectively) and were highest in provinces with the lowest per capita GDP (Table 3, 
Discussion
The deaths and DALYs reported in this paper are the first estimates of the health impacts of unsafe water and poor sanitation and hygiene in China to capture within-country heterogeneity in disease burden. We found unsafe water and poor sanitation and hygiene to be particularly detrimental to the health of young children, as they account for 61 200 deaths and 2.33 million DALYs in children under five, predominantly attributable to diarrhoeal diseases. Geographically, the disease burden attributable to unsafe water and poor sanitation and hygiene is concentrated in China's poorest, inland provinces.
While the burden of diarrhoeal diseases attributable to unsafe water and poor sanitation increased along an east-west gradient, the burden of helminthiases was clustered in Guizhou and
Sichuan in the south-west, Hubei and Hunan in central China, and Hainan in the south. The transmission of schistosomiasis and soil-transmitted helminthiases is facilitated by the temperature and ecological conditions that prevail in these warm, low-lying provinces.
greatest per capita burden of soil-transmitted helminthiasis occurred in Hainan, where 59.4% of residents and 73.4% of school children were found to be infected with at least one soiltransmitted helminth in 2004. 48 Vector-borne infections composed a relatively small fraction of the total DALYs attributable to unsafe water and poor sanitation and hygiene, but Japanese encephalitis was the third leading source of such DALYs. Notably, Japanese encephalitis is a vaccine-preventable disease. Widespread vaccination began in China in the 1980s and over 300 million people have been immunized since 1990. 49 This has resulted in steady declines in the annual incidence of Japanese encephalitis, from a high of 20.92 cases per 100 000 during the epidemic of 1970 to less than one case per 100 000 since 1996. 50 Before 2006, vaccination was not equally accessible across regions; poor regions offered fee-for-service vaccination, and wealthier regions provided it free. As a result, children in poorer regions had the lowest vaccination coverage, 51 and these regions show the highest incidence of Japanese encephalitis in our analysis. China is now integrating vaccination against Japanese encephalitis into the country's free, routine immunization programme to improve coverage in rural and underdeveloped areas. 49 Coupled with improved management of water resources, this policy change could substantially reduce the burden of Japanese encephalitis in China.
Access to improved water and sanitation has been a national priority within China's rural development projects since the 1980s. During each five-year planning phase, the Ministry of Health, the Ministry of Construction, the Bureau of Environmental Protection and the Ministry of Agriculture convene a steering meeting to set goals and strategies for improving water and sanitation over the ensuing five-year period. Most recently, China's 12th five-year plan emphasized the importance of safe water and good sanitation and hygiene in promoting rural modernization, and the Ministry of Health has set a goal to achieve 68% coverage for both water and sanitation by 2011 in rural areas. 52 To help achieve these targets, China will expand its nationwide surveillance (e.g. water quality testing and human health monitoring) and step up enforcement of drinking water safety in both urban and rural areas. As of 2011, the national drinking water surveillance system included more than 20 000 surveillance points, and these are expected to increase substantially under the twelfth five-year plan. What is more, the plan includes an investment of 27 billion United States dollars (US$) in improving drinking water access in rural areas as part of the National Project for Rural Drinking Water Safety. This reflects a nearly US$ 16 billion increase relative to the previous five-year plan. Central and western parts of the country have been identified as priority areas where these investments should be accompanied by expanded sanitation coverage as well (e.g. improved sanitation facilities at the household level). Technical support and evaluation of these efforts are available from China's National Centre for Rural Water Supply Technical Guidance, which has helped to establish a national rural water quality and human health monitoring network as well as a sanitation evaluation programme. 52, 53 These efforts to ensure effective implementation of water and sanitation improvement programmes and to monitor drinking water quality should make it possible to achieve China's most recent targets and could yield significant reductions in diseases attributable to unsafe water and poor sanitation and hygiene. Our estimates of the burden of such diseases offer a baseline against which to assess the impact of future improvements.
We caution that the true toll of unsafe water and poor sanitation and hygiene in China extends beyond the human health impacts presented here. Biological and chemical pollution of water resources can lead to ecological degradation 54 and, in the water-scarce north, pollution can exacerbate the health impacts of water shortages by forcing populations to rely on contaminated supplies. 3 Chemical contamination of drinking water can lead to malignancies and other sequelae not accounted for in this analysis, 3 and many such health endpoints attributable to unsafe water and poor sanitation and hygiene are associated with substantial economic costs from lost productivity, impaired cognitive development and other effects. 55 Diarrhoeal diseases attributable to unsafe water and poor sanitation and hygiene can trigger a cascade of ill health which can in turn lead to malnutrition and make young children vulnerable to major childhood diseases, including measles and pneumonia. As much as 29% of the global burden of disease attributable to unsafe water and poor sanitation and hygiene is probably due to the secondary health effects of diarrhoea. 55 Finally, unsafe water and poor sanitation can facilitate transmission of other parasitic infections whose distributions have not been well documented. For example, the foodborne trematode Clonorchis sinensis, which causes cholangiocarcinoma and infects an estimated 15 million people in China, is transmitted through unsafe human waste disposal. 56 The number of people without access to safe drinking water in China, and the associated disease burden, may exceed our estimates, as we have assumed that urban piped water systems requirements. Over 15% of water samples did not meet drinking water standards, most often on account of microbial parameters. 57 Transparent monitoring of municipal water systems is needed to ensure compliance with water quality standards and identify areas in need of long-term remediation and short-term public health advisories.
Globally, efforts to increase access to safe water and sanitation facilities have been frustratingly slow. 58 In contrast, China has dramatically increased access to safe water and sanitation facilities over the past two decades. Our findings indicate the need for further work to increase access to improved water and sanitation and reduce disparities in the disease burden attributable to poor sanitation and unsafe water supplies. Investment in water and sanitation infrastructure is needed most urgently in western Chinese provinces with a high disease burden.
Future improvements to water and sanitation should be accompanied by periodic estimates of the burden of disease attributable to unsafe water and poor sanitation to track progress in reducing these preventable diseases and identify populations that remain at risk of death and disability from unsafe water and poor sanitation and hygiene. The disease burden estimates provided in this paper can guide the allocation of resources for improving water and sanitation facilities as well as provide a basis for establishing milestones for incremental infrastructural improvements. c Improved sanitation includes a sewer connection (typically seen in urban areas), a triple compartment septic tank, an anaerobic biogas digester, a double barrel funnel type septic tank, and a urine-separating toilet with a septic tank. The latter four designs, found in rural areas, reduce pathogen loads through extended residence times as well as physical and chemical inactivation of pathogens, depending on soil and weather conditions. 29, 30 Unimproved sanitation includes unprotected stool pits and the absence of any sanitation system.
d Improved drinking water is defined as water that comes from centralized piped water systems that are treated regularly. Partially improved drinking water also comes from centralized piped water systems, but treatment is irregular or nonexistent. Untreated wells and surface water sources were classified as unimproved.
e In light of typical Chinese access to safe water and sanitation facilities, we have omitted Scenario III as previously defined by Prüss et al. (i.e. access to water and sanitation facilities with improved drinking water quality through piped water systems or point-of-use treatment or improved personal hygiene). 11 Improved sanitation and piped water access are included in China-specific Scenarios IV and II, and the widespread practice of consuming hot water or tea leads to point-of-use drinking water treatment in most households. 
